Abstract A new solid-electrolyte impedance-metric NOx sensor device composed of a lithium ionic solid electrolyte: Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 (LATP) as a transducer and ceramic oxides (perovskite-type oxides, TiO 2 , SnO 2, etc) as a receptor, respectively, have been systematically investigated for the detection of NOx (NO and NO 2 ) in the range 10 -200 ppm at 400 -500ºC. Responses of the sensors were able to divide component between resistance and capacitance, and it was found that the device was applicable to the selective detection of NO or NO 2 concentration in each ingredient. Especially, those using TiO 2 , SnO 2 (n-type semiconductor) and perovskite-type oxides (LaCoO 3 , LaNiO 3 and LaCrO 3 ) based receptors gave good responses to NO and NO 2 . It was also found that the responses were different between n-type or p-type semiconductors, in which we tried to elucidate the sensing mechanism
Introduction
It has been increasing the needs of reliable, inexpensive and compact nitrogen oxides (NOx: NO and NO 2 ) sensors for the protection of global environment. Therefore, compact NOx sensors which have high sensitivity, low cost and easily designed have been strongly required for improving combustion from engine and the regulation of exhaust NOx. Among the compact NOx sensors reported, the solid electrolyte type is of particular interest from the viewpoints of sensitivity, selectivity, and simple element structure. So far, potentiometric-(Nernst's type) [1, 2] , amperometric- [3, 4] , mixed potentiometric- [5, 6] , impedance metric- [7] types of solid-electrolyte sensors were reported. The solid electrolyte type NOx sensors seem to bring about better sensing performance to NO and/or NO 2 as well as stability at higher temperatures. However, these sensor devices still have rather complicated structure, i.e., they still need the reference and/or the counter electrodes at the opposite side of the electrolyte. In this study, it was seen that a new type solid-state sensor combined with a solid electrolyte impedance transducer and an oxide receptor showed high sensing properties to NOx and it is applicable to a quite simple all-solid-state sensor. It turned out that the responses of the sensors were able to divide component between resistance and capacitance, and they are applicable to the selective detection of NO or NO 2 concentration in each ingredient. Here, we report the NO x sensing performance of the new solid-state device. The LATP or all oxides examined were characterized by X-ray diffraction analysis (XRD) (JDX-3500, JEOL) using Cu-K 1 radiation. The XRD patterns of the materials showed almost only the phases of LATP or oxides. Figure 1 shows a schematic diagram of the all-solid state sensor device using the LATP disc and an oxide receptor with Ag electrodes at the opposite surface. A paste prepared with the prepared perovskite-type oxide powder and turpentine oil was painted onto the surface of the LATP disc, and dried and sintered at 500 °C NOx sensing experiments were carried out in a conventional flow apparatus equipped with a heating facility at 300-500 °C. Sample gases containing NO, NO 2 , and N 2 O were prepared from each parent gas at the fixed O 2 pressure of 20-21 vol%. The sensor response, ∆Z, was measured with an impedance analyzer (3531, HIOKI) at 50Hz-5MHz at a total flow rate of ca. 100 cm 3 /min. Nyquist plots of this sensor were measured at various concentrations of each sample gases. The frequency was changed from 50 Hz to 5 MHz. The value of the relative sensitivity (S R or S C ) was defined as S R = (R gas -R air ) / (gas concentration) or S C = (C gas -C air ) / (gas concentration) in which R gas (C gas ) or R air (C air ) is resistance (capacitance) in gas or air, respectively.
Experimental

Results and Discussion
The NOx response characteristic of the element using perovskite-type oxide and LATP receptor was firstly examined. It has been understood that the impedance change into the NOx concentration change is seen in the interfacial impedance area of the element as a result of Nyquist's plots. Figure 2 shows the response curve of the LaCoO 3 /LATP element in 10 kHz at 500 °C. A good response was found being comparatively obtained as the capacity of the element (C) although the a little drift was seen, while the response with the change of NO concentration was not seen as the resistance of the element (R) at 500 °C.
The sensor hardly responded to NO 2 at 500 °C, while the element of which the response was seen to NO as shown in Fig.   3 . In addition, it has been understood that The most of the other n-type semiconductor oxides examined exhibited higher sensitivity to NOx than that of the p-type semiconductor oxides. The use of n-type receptor, TiO 2 or SnO 2 showed good responses to NO and NO 2 at 400°C. The sensor with WO 3 slightly responded as the resistance change, while it hardly responded for the capacitance change at 400°C. At the temperature of 500°C, the sensors with the receptors of n-type and p-type semiconductor oxides showed no responses at all. While, the sensors attached with LaCrO 3 and LaMnO 3 showed high sensitivity to The sensitivities to NOx of the typical sensors were summarized in Fig. 5 . The sensor responses with all receptors to CO 2 were similar to responses to NOx on both the resistance and capacitance ingredients. However, the all sensor responses to O 2 showed opposite in sign to those of NOx and CO 2 gases on the resistance and capacitance ingredients. It was also found that the sensitivities of the sensors hardly related to the surface areas of the receptors used. Thus, the difference in sensitivity seems to be come from the electrochemical reactivity of the receptors used.
A large difference was seen in the sensor response to NO and NO 2 at 400 °C and 500 °C as stated above. A large amount of NO desorption was seen at the temperatures less than 500 °C by the temperature programmed desorption (TPD) measurement. It is thought that it is because the gas adsorption characteristic on the surface of the oxide receptor is greatly different at 400 °C and 500 °C.
As these responses were all the one under the oxygen coexistence in NOx gases, the charge transfer in the oxide layer by the surface adsorption with NO, NO 2 , and O 2 might bring the impedance change in the solid electrolyte. However, the sensing mechanisms of the present electrochemical device still need further investigations.
